Introduction 28
Zinc (Zn) is an essential micronutrient for plants and humans. It is a structural 29 component of many catalytic enzymes and transcription factors, so that specific 30 diseases are associated with its deficiency (Broadley et al., 2007; Chasapis et al., 31 2012; Marschner, 2011) . The Zn bio-availability in many natural soils and crop 32 production systems is low, often as a result of high CaCO 3 content and alkaline soil 33 pH. As a consequence, many food products are low in Zn, causing malnutrition in 34 humans (Cakmak, 2008) . 35
In Arabidopsis, over 2000 Zn-related genes are annotated, primarily with catalytic 36 and transcriptional regulator activities (Broadley et al., 2007) . Zn-responsive key 37 genes and transporters involved in Zn uptake and translocation have been reported 38 using molecular and genetic tools (Sinclair and Kramer, 2012) . Severe Zn deficiency 39 leads to reduced, abnormal leaf and seed growth, in addition to impaired flower 40 development (Talukdar and Aarts, 2007) . Generally, plant development and flowering 41 can be delayed when a certain nutrient is unavailable to the plant, but general 42 nutrient deficiency in Arabidopsis has been associated with acceleration of flowering 43 (Kolar and Senkova, 2008) . In the ornamental plant Pharbitis nil, poor nutrition 44 promotes flowering and this is correlated with elevated expression of the major 45 flowering integrator FLOWERING LOCUS T (FT) (Wada et al., 2010) . 46
The appropriate decision for flowering in annual plants is crucial for their lifespan 47
and is under very complex genetic control, with over 360 genes implicated (Andres 48 and Coupland, 2012; Bouche et al., 2016) . The transition to flowering depends on 49 several endogenous and environmental signals, which are best studied in 50 Arabidopsis thaliana. Several flowering pathways have been identified, such as 51 photoperiod, temperature, vernalization, gibberellin and sugar pathways (Andres and 52 Coupland, 2012; Bouche et al., 2016; Capovilla et al., 2015) . Flowering signals 53 converge in the activation of the FT gene in source leaves. Its translated gene 54 product (florigen) is phloem mobile and is translocated to the shoot apical meristem, 55
where FT dimerizes with the transcription factor FLOWERING LOCUS D (FD) to 56 activate another central integrator, SUPPRESSOR OF OVEREXPRESSION OF 57 CONSTANS 1 (SOC1). This terminates the vegetative fate of the apical meristem 58 and initiates flower development (Corbesier et al., 2007; Jaeger and Wigge, 2007; 59 Notaguchi et al., 2008) . While the transition to the flowering fate in the apical 60 meristem is well explained by FT (Amasino, 2010; Andres and Coupland, 2012) , its 61 role in the regulation and termination of vegetative leaf growth is less well understood 62 (Melzer et al., 2008; Shalit et al., 2009) . In already established leaves, the final leaf 63 size and the rosette diameter are ultimately controlled by the complex coordination of 64 primordium size, cell proliferation and cell expansion (Gonzalez et al., 2012; Powell 65 and Lenhard, 2012) . The maintenance of vital meristematic regions in leaves is 66 essential to obtain maximal leaf growth and size (Gonzalez et al., 2012; Powell and 67 Lenhard, 2012) . 68
In preliminary experiments we initially observed that in a Zn-deficient soil-sand 69 mixture, some Arabidopsis plants finally produced more shoot biomass than in a Zn-70 sufficient soil. To uncover the genetic basis for this unusual behavior, we grew 168 71 Arabidopsis accessions in low Zn and Zn-amended soil-sand mixtures and quantified 72 the rosette diameters of these accessions as a proxy for shoot size and leaf growth 73 (length). Unexpectedly, Zn deficiency prolonged vegetative growth in some early-74 flowering accessions, leading to larger plants, an effect potentially genetically 75 associated with FT. Loss-of-function mutants of flowering genes also differed in their 76 rosette size in a Zn-dependent manner. While it is well accepted that the transition to 77 flowering in the shoot apical meristems ultimately terminates further vegetative 78 growth, our results uncover that FT only gradually represses already established 79 vegetative leaves, at least in a subpopulation of Arabidopsis. 80
81
Results 82
Natural variation of rosette diameter and its response to zinc deficiency 83
To explore the natural variation and differential plant growth as the function of 84 differential Zn availability in soil, 168 Arabidopsis thaliana accessions were grown in 85 a fertilized soil-sand mix without (-Zn) or with added ZnSO 4 (+Zn) in the greenhouse. 86
The set of accessions included six main populations (Central Europe, Northern 87 Europe, Iberian Peninsula, Mediterranean, Central Asia and North America) and 88 three small populations (Cape Verde, Canary Islands and Japan) (Supplemental 89 Figure S1 , Supplemental Table 1 ) (Chen et al., 2016; Stetter et al., 2015) . 90
There was substantial natural variation in the vegetative shoot growth and rosette 91 diameter among these accessions in +Zn and -Zn, which represented Zn sufficiency 92 and mild Zn deficiency conditions, respectively ( Figure 1A ). The rosette diameter, a 93 proxy for the maximal vegetative leaf length (with petiole), ranged from 1.3 cm to 94 12.6 cm in +Zn, with a major distribution peak of around 10 cm. In -Zn, the rosette 95 diameter ranged from 2.3 cm to 9.6 cm, with the majority of accessions having a 96 rosette of around 7 cm ( Figure 1A ; Supplemental Table S2 ). One-way ANOVA 97 indicated that significant genetic differences were observed among accessions 98 (p<2e-16), in both conditions ( Supplemental Table S3 ). Broad-sense heritability of 99 5 rosette diameter was 0.69 for +Zn, but only 0.38 for -Zn (Supplemental Table S3 ). As 100 expected, the rosette diameter in -Zn highly correlated with that in +Zn (p<2.5e-8, 101
Supplemental Figure S2 ), as the leaf size is principally genetically controlled. 102
Interestingly, the data suggest that the 168 accessions adjust their growth differently 103 depending on Zn availability. Most accessions produced smaller final rosette 104 diameters under -Zn, as expected when an essential nutrient is limiting for leaf 105 growth. However, the others ended up with larger rosette diameters under -Zn 106 ( Figure 1A Zn effect). The average Zn effect was -64.5% for the negative responses and 24.8% 120 for the positive responses. The Zn effect was determined by +Zn soil (r=0.85, 121 p<2.2e-16), rather than -Zn soil (r=0.06, p=0.4478, Supplemental Figure S2 ), 122
indicating that the Zn effect was not primarily due to different growth and 123 development under Zn deficiency. Rather, strong heterogeneity of growth and 124 flowering time in the population was observed in +Zn and this heterogeneity was lost 125 in -Zn. 126 6 2012). A stringent p-value cutoff with 5% false discovery rate (FDR) was set to 133 quantify the significance. 134
The GWA did not identify any significant SNP for the rosette diameter under both 135 +Zn and -Zn conditions (data not shown). However, four significant candidate SNPs 136 were observed for the Zn effect: Chr1_16581335, Chr1_23946852, Chr1_24341704 137 and Chr4_11742318 (Figure 2 ; Supplemental Figure S3 & S4). Although none of 138 these loci qualified for a distinguished high quality candidate locus with numerous co-139 segregated SNPs, we noted that the 48 transcripts located +/-20 kb of these four 140
SNPs were enriched in genes annotated as being involved in flowering or were 141 overrepresented in being expressed during reproduction (Supplemental Table 4 ). The phenotypic differences within a batch of Col-0 plants are shown in Figure 4A ; 170 obviously, -Zn repressed and delayed flowering. Further genetic analysis 171 concentrated on this negative-response accession (Zn effect was -119 %), with 172 strong FT and SOC1 inhibition by -Zn (Fig. 4B ). To get more insight whether 173 photoperiod, sugar, vernalization, gibberellin or ambient temperature pathways were 174 affected by Zn availability (Andres and Coupland, 2012) , we checked the expression 175
of key genes representative of these flowering pathways during vegetative growth. 176
The expression of the diurnal integrator CONSTANS (CO) and the trehalose 177 were also not different between -Zn and +Zn (Fig. 4B ). 184
Next we tested how mutant null alleles of key flowering genes in the Col-0 185 background responded to different Zn availability, including ft-10, soc-1-2 and flc-3. 186
Since early flowering appeared to be sensitive to Zn, we also included mutants in the 187 elevated temperature-induced early flowering pathway, flm-3 and svp-32 188 (Balasubramanian et al., 2006; Pose et al., 2013) . The shoot Zn concentrations for all 189 these mutants, its corresponding wild type Col-0 and the accession Sf-2 were below 190 20 µg/g, a typical deficiency threshold in many plant species. Shoot Zn massively 191 differed between -Zn and +Zn conditions ( Figure 4C ). Furthermore, typical Zn-192 deficiency responsive genes, such as the Zn transporter genes ZIP1, ZIP4, ZIP5 and 193 IRT3, were induced under -Zn conditions in both Col-0 and Sf-2, indicating the 194 activation of known physiological Zn-deficiency responses (Supplemental Figure S6) . 195
The flowering time was quantified at bolting stage by counting rosette leaf numbers 196 rather than growth days, to eliminate the influence of growth speed 197 (Balasubramanian et al., 2006; Pose et al., 2013) . In agreement with previous studies, 198 8 ft-10 and soc-1 had delayed flowering time, whereas svp-32 and flm-3/svp-32 199 accelerated flowering ( Figure 4D ). Meanwhile, flc-3 and flm-3 had similar flowering 200 time as Col-0, which is likely explained by the weak FLC and FLM alleles in the 201 accession Col-0 (Balasubramanian et al., 2006; Lempe et al., 2005) . Nevertheless, 202
Zn deficiency delayed flowering in all genotypes by a few days, irrespective of their 203 widely different overall flowering time ( Figure 4D ). Interestingly, synchronously with 204 this delay of flowering in -Zn, the rosette diameter of all genotypes increased 205 significantly, except for ft-10, where only a minor trend, but no significant increase in 206 rosette diameter was observed ( Figure 4E ). The larger rosette diameter of Col-0 in -207
Zn, as well as the increased number of leaves due to longer vegetative growth finally 208 translated into larger total vegetative biomass, as compared with the Zn-amended 209 control condition. The same was true for svp-32, while the final vegetative biomass of 210 ft-10 and soc-1 did not differ between -Zn and +Zn ( Figure 4F) . in -Zn and +Zn conditions ( Figure 5G-H) . Furthermore, the rosette diameter of Col-0 230 plants grown in +Zn was larger at 16°C compared to 23°C, because flowering 9 terminated the vegetative growth in plants grown at the higher temperature. On the 232 other hand, vernalization of Sf-2 was able to accelerate flowering time to 3 weeks, 233 although without vernalization, this accession flowered only later than 7 weeks. 234 Accordingly, the flowering time and rosette diameter of non-vernalized Sf-2 were 235 indistinguishable between different Zn supplies ( Figure 5G-H) . By contrast, the early 236 flowering of vernalized Sf-2 was delayed in -Zn and, consequently, the rosette 237 diameter was slightly increased in -Zn. Although all Sf-2 plants (vernalized and non-238 vernalized) were grown at 23°C, the vernalized plants finally had smaller rosette 239 diameters, because they flowered earlier ( Figure 5G-H) . 240 241
Leaf cell proliferation contributed to the differences in leaf length 242
The final leaf length (and rosette diameter) are ultimately controlled by the complex 243 coordination of leaf primordium size, differential cell proliferation in different areas of 244 the leaf and cell expansion (Gonzalez et al., 2012; Powell and Lenhard, 2012) . To 245 get insight into the underlying mechanism behind the increased final leaf length in -246
Zn (Figure 6A) , the leaf mesophyll cell size and cell numbers were microscopically 247 quantified at two stages, 19 DAS and 33 DAS, using confocal imaging ( Figure 6B) . 248
Plants in -Zn and +Zn conditions did not flower at 19 DAS, but fully flowered at 33 249 DAS. The late flowering ft-10 mutant was also analysed. Interestingly, the cell size 250
was not distinguishable at 19 DAS for Col-0 or at 33 DAS in Col-0 and ft-10, 251 irrespective whether grown in -Zn or +Zn ( Figure 6C ). Since Col-0 leaves differed in 252 size at 33 DAS depending on Zn (and differed from ft-10, Figure 6A ), this indicated 253 that the cell number differences (and thus cell proliferation in established leaves) 254 mainly contributed to the differences in the leaf length. 255 256
Gradual repression of leaf growth rate via zinc-promoted flowering 257
The transition of vegetative to reproductive growth by the induction of flowering is 258 commonly centred to the apical shoot meristem, but how the growth of already 259 established leaves is also finally terminated and ends in senescence, is little 260 investigated. In order to quantify the onset of leaf growth rate inhibition by Zn and FT, 261
we documented the growth curve of the rosette diameter, as well as the petiole 262 length in Col-0 and ft-10 plants. The rosette diameters were initially indistinguishable 263 between +Zn and -Zn, in agreement with the assumption that the essential Zn was 264 not growth limiting at this stage. However, the rosette diameter differed just after the 265 transition to flowering in the apical meristem had occurred ( Figure 7A ), consistent 266 with an immediate repressing signal transmitted at the time of flower initiation in +Zn 267 (21 DAS, Figure 7A ). Interestingly, the longitudinal leaf growth rate was not 268 terminated, but only reduced, after the transition to flowering. The longitudinal leaf 269 growth rate in -Zn remained larger than in +Zn, until termination at around 33 DAS 270 ( Figure 7A) . Such a repression of leaf growth was lost in ft-10, which did not flower 271 before 32 DAS, leading to strong leaf expansion irrespective of Zn supply (Figure  272 7B). The petiole elongation showed a similar pattern as the entire rosette diameter in 273 the response to Zn deficiency, suggesting a similar restriction mechanism in the 274 petiole and in the leaf blade (Figure 7 A-B) . 275
276

Discussion 277
Substantial natural variation has been previously reported in Arabidopsis thaliana, 278
including rosette diameter, leaf shape, ion content, flowering time and many other 279 physiological characteristics (Salt et al., 2008; Weigel, 2012) . However, only limited 280 knowledge has been obtained to understand how the natural variation growth 281 phenotypes are influenced by nutrient deficiency. Here, we investigated the rosette 282 diameter of 168 Arabidopsis accessions grown in +Zn (control) and -Zn (Zn 283 deficiency) soil-sand mixes. Randomly chosen plants grown on the Zn-deficient soil-284 sand mix had only Zn concentrations of ~10-13 µg/g in their shoot tissue, but did not 285
show visual signs of Zn deficiency. As expected, the rosette diameter was highly 286 variable among these 168 accessions in both conditions (Figure 1) . Surprisingly, not 287 all accessions reduced their rosette diameters in -Zn, which was inconsistent with 288 our naive expectation that plants must grow better and produce more biomass when 289 all essential nutrients are adequately supplied (Marschner, 2011) . To mechanistically 290 unravel this interesting finding, we quantified the "Zn effect" by calculating the relative 291 difference in rosette diameter, to indicate how different accessions respond to Zn 292 deficiency. The 168 accessions were divided into 126 positive Zn effect accessions 293 (e.g. Sf-2) and 42 negative accessions (e.g. Col-0). In the positive Zn effect 294 accessions the addition of Zn increased the plant diameter, which is expected if an 295 essential nutrient is growth limiting. However, larger rosette diameters in -Zn were 296 found in the negative Zn effect accessions, compared to +Zn conditions, suggesting 297 that other factors apart from missing Zn reduced the growth. 298
We performed multi-locus mixed model genome-wide association (GWA) mapping 299 for the Zn effect (Figure 2) . Although four significant SNPs were associated with the 300 Zn effect, of which two were close to flowering genes FT and FTM1, none of these 301 loci qualified for a convincing, strong hit with multiple linked co-segregated significant 302
SNPs in the vicinity ~20 kb, which are expected for causal loci. However, any 303 significant SNP hit may deserve further analysis, although a larger population is likely 304 required to further validate the candidate SNPs identified. The suggested link to 305 flowering potentially indicated that we unintentionally screened for flowering 306 differences in the population, as flowering was indeed affected by Zn. In earlier 307 population studies with Arabidopsis, the flowering time and rosette diameter had only 308 minor correlation (Atwell et al., 2010) . Here, surprisingly, we found a strong positive 309 correlation between flowering time and rosette diameter, but only in the 42 negative-310 response, early flowering accessions (Figure 3) . No significant correlation was found 311 in the 126 positive-response accessions. Under the conditions used, early flowering 312 was prominent in +Zn, but lost in -Zn. Late flowering accessions probably maintained 313 a longer vegetative growth phase and leaves were already fully expanded before 314 flowering, but it is worth to note that some among the negative Zn effect accessions 315 also flowered very early. This potential connection of Zn with flowering was analysed 316 in more detail. FTM1 expression was unchanged by Zn supply, but the FT expression 317 was generally repressed under Zn deficiency (Figure 3 & 4) . 318
In several key mutants in the Col-0 background that are affected in (early) Flowering is also promoted by mineral stress (50 µM cadmium, toxic for Arabidopsis) 330 via up-regulation of CONSTANS (CO) and FT (Wang et al., 2012) . Zn deficiency 331 generally repressed FT expression, even in late flowering accessions and delayed 332 flowering in some genotypes. Interestingly, Zn deficiency consistently led to larger 333 rosette diameters in negative Zn effect accessions. Because of the prolonged 334 vegetative growth time, longer and more leaves were established, so that -Zn grown 335 plants finally accumulated more vegetative biomass then +Zn-grown plants (Figure 4) . 336
The canonical flowering pathways, such as photoperiod, temperature, vernalization, 337 sugar and gibberellins, were apparently unaffected by Zn (Figure 4) . The reduced 338 expression of SOC1 in -Zn could be just a consequence of FT repression, as SOC1 339 is a downstream gene of FT (Andres and Coupland, 2012) . Plants lacking FT 340 flowered later than soc-1-2 and produced larger rosettes, confirming that FT is the 341 central floral integrator. Consequently, Zn also regulated flowering time and rosette 342 diameter in soc1-2 plants. The direct target of the Zn effect, however, remains 343 unclear, as flowering was even delayed in the very late flowering ft-10 in -Zn. Some 344 further regulator of FT expression might be Zn-dependent. It is noted, however, that 345 the small difference between ft-10 large rosette diameters in +Zn and -Zn was not 346 significant, suggesting that the Zn effect was largely lost in this mutant and that a 347 SNP close to the FT gene was genetically associated with the Zn effect. 348
While our data suggest that FT expression can be delayed in -Zn,, there is likely 349 also a "memory" effect induced under different Zn supply, as in individual, genetically 350 identical Sf-2 plants grown under identical conditions, the Zn effect could be 351 introduced by vernalization pre-treatment ( Figure 5 ). Indeed, FT expression is 352 epigenetically controlled (Andres and Coupland, 2012) . In late-flowering plants, many 353 other factors apart from FT regulate flowering time and restrict organ size, including 354 genes involved in auxin, cytokinin and gibberellin signaling (Bogre et al., 2008; 355 Powell and Lenhard, 2012) . The target of FT to terminally restrict vegetative leaf 356 growth is, however, unlikely the shoot apical meristem alone, as suggested by the 357 leaf cell numbers and rosette growth curves of Col-0 and ft-10 plants (Figure 6 & 7) . 358
The rosette diameters were initially indistinguishable between +Zn and -Zn ( Figure  359 7), but differed after flowering, indicating that a repressing signal was received in 360 already fully established, 1 cm long rosette leaves in +Zn (21 DAS). This repressing 361 signal could be FT itself or a downstream signal, but importantly, the inhibition of cell 362 proliferation that results in less leaf cell numbers in +Zn, was entirely lost in ft-10, 363
which is known to have a much larger rosette diameter ( Figure 6) . This Zn effect, however, is only found in a subset of the Arabidopsis population, 370 namely in early flowering genotypes, and is clearly different from general nutrient 371 deficiencies, which promote flowering. From an ecological perspective, the two 372 strategies to respond to limited Zn may be beneficial in different environments. 373
Restricting further vegetative growth after abiotic stress-induced early flowering, as 374 observed in the negatively Zn-responsive genotypes, will lead to early, but few 375 seeds, while the delay of flowering under -Zn will prolong the vegetation period, 376 increase accumulation of nutrients, that finally are transferred to many, but late Table S1 . Seeds for all accessions were obtained from Dr. Karl Schmid (Germany). 385
The ft-10, soc1-2, flc-3, flm-3, svp-32, flm-3/svp-32 mutants in the Col-0 background 386 were gifted by Dr. Markus Schmid (Umea, Sweden). All accessions and mutants 387 have been previously described (Balasubramanian et al., 2006; Pose et al., 2013; 388 Stetter et al., 2015) . 389
Soil-sand mixtures of a Zn-scarce soil from a C-horizon of a loess soil (0.7 mg kg -1 390
Zn, pH 7.2) was mixed at 1:1 ratio with quartz sand (0.6-1.2 mm diameter), which 391 was washed with HCl (rinsed with tap water, pH<1 adjusted with HCl, incubated for 392 one day, rinsed with deionized water to pH>5) to wash out trace nutrients, biological 393 contaminations and dust. The soil-sand mix was fertilized with 1.1 g kg -1 NH 4 NO 3 , 0.9 394 g kg -1 K 2 SO 4 , 2.1 g kg -1 MgSO 4 and 1.6 g kg -1 Ca(H 2 PO 4 ) 2 . 200 g of soil-sand per 395 plant (or 120 g for qRT-PCR experiments and mutant experiments) was placed in the 396 pots before watering with 7-8 ml micronutrients, according to a modified Hoagland's 397 
